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ABSTRACT 

From a uniform analysis of a large (8.5 Ms) Rossi X-ray Timing Explorer data set of Low Mass X-ray 
Binaries, we present a complete identification of all the variability components in the power spectra of 
black holes in their canonical states. It is based on gradual frequency shifts of the components observed 
between states, and uses a previous identification in the black hole low hard state as a starting point. 
It is supported by correlations between the frequencies in agreement with those previously found to 
hold for black hole and neutron stars. Similar variability components are observed in neutron stars 
and black holes (only the component observed at the highest frequencies is different) which therefore 
cannot depend on source-specific characteristics such as the magnetic field or surface of the neutron 
star or spin of the black hole. As the same variability components are also observed across the jet-line 
the X-ray variability cannot originate from the outer-jet but is most likely produced in either the disk 
or the corona. We use the identification to directly compare the difference in strength of the black hole 
and neutron star variability and find these can be attributed to differences in frequency and strength 
of high frequency features, and do not require the absence of any components. Black holes attain 
their highest frequencies (in the hard-intermediate and very-high states) at a level a factor ^--^6 below 
the highest frequencies attained by the corresponding neutron star components, which can be related 
to the mass difference between the compact objects in these systems. 

Subject headings: Physical data and processes: Accretion, accretion disks, Black hole physics - Meth- 
ods: observational, data analysis - X-rays: binaries 
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1. INTRODUCTION 

Matter orbiting a compact object in an accretion disk 
is expected to be relatively unaffected by the nature 
of the compact object down to a few Schwarzschild 
radii from the center. Therefore, similar phenom- 
ena may occur in the process of accretion onto black 
holes and low magnetic field neutron stars in low mass 
X-ray binaries (LMXBs), despite some of the differ- 
ences between these two types of compact objects, 
such as the presence or absence of a solid surface or 
an intrinsic magnetic field. Indeed, many similari- 
ties are seen in X-ray observations of neutron stars 
and black holes, and in fact, traditionally, distinguish- 
ing between neutron star and black holes based on 
other characteristics than X-ray bursts, pulsations and 
mass estimates has proven to be difficult. However , 
in both X-ray spect r oscopy (e.g. iNaravan et aL 



Rutledge et"all 120001 : iBarretl 1200 11: iGa rcia et^ 
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2004 iTitarchuk fc Shaposhnikovl 120051) and X-ray tim- 
ing, differences between black holes and neutron stars 
have begun to emerge. In particular with respect 
to timing, neutron stars are characterized by strong, 
highly tunable twin kHz quasi periodic oscillations 
(QPOs) at fre quencies up to ^ 1300 Hz (for a re- 
view see Ivan der Klis 200Q^ |2006[ ) whose phenomenol- 
ogy is quite different from that o f the high-frequency 



QPOs seen in black holes (e.g. | Homan et all 
2005bt [Re^llard et al.l [l99l l2002at iStrohmaved 
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van der KlidlT2006f) . Also. ISunvaev fc RevnivtseT(|2000f ) 



have suggested that in some states neutron stars show 
considerably more power above several 100 Hz as com- 
pared black holes in any state. 

The observation of recurrent, correlated spectral and 
timing behavior led to the introduction of the "canoni- 
cal" states for the black hole and neutron star systems. 
For the black holes the definition of these states has un- 
dergone some evolution over the years. Initially luminos- 
ity was seen as the main determinant of state while in 
later work spectral hardness and two-dimensional classi- 
fication schemes dominated, and the t erminology reflects 
this histori cal process (see for instance van der Khsn99 



Tanaka fc Lewin 19 95: Homan et al. 2001; BcUoni et ah, 
20051: Ivan der Klisll2006h . We use the state definitions 
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and terminology that resulted from this process, and in 
particular classify source state primarily based on the rel- 
ative location in the hardness-intensity diagram (HID) 
and power spectral characteristics. We distinguish the 
following states, see Fig. |T] for a schematic HID: the low- 
hard state (LS), characterized by a hard power-law dom- 
inated X-ray spectrum and strong, low-frequency band- 
limited noise in the power spectrum, the high-soft state 
(HS) with a soft, disk black-body dominated X-ray spec- 
trum and little rapid variability, and an intermediate 
state (IMS), with both power law and disk black-body 
contributing appreciably to the spectrum and exhibiting 
the most complex variability characteristics, including 
most of the QPOs. All three states occur over a wide 
range in luminosity, although towards the lowest lumi- 
nosity levels s ources consistently enter the LS. Following 
iBelloni et al] ([2005) within the IMS we further distin- 
guish a hard intermediate state, which shows somewhat 
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Fig. 1. — The canonical black hole states and their location in 
the hardness-intensity diagram. The track shown is an example of 
those that are followed by black hole transients in outburst, but 
persistent sources too can follow parts of such as track. Note that 
as depicted flares can occur in the HS during which the energy 
spectrum get harder and the power spectra are very similar to 
those seen in the hard or soft VHS. In this paper we use the names 
in bold face, see text. The grey area indicates the IMS region, 
which we further distinguish in the hard- and soft VHS and the 
hard IMS. In this figure we also show the jet-line (Fend eF et al.l 
[2003: IKording etlUBoOl) which can be found parallel to the line 
indicating the transition to and from the HS. The jet-line marks 
a transition between radio loud to a radio quiet states. Note that 
during a hard flare in the HS, the radio can be switched on again. 

harder X-ray spectra (although not as hard as in the LS) 
and power spectra with moderately strong band limited 
noise (BLN; somewhat weaker and at higher frequency 
than that in the LS), and the soft intermediate state with 
softer X-ray spectra (not as soft as in the HS) and power 
spectra lacking this BLN component but showing power- 
law noise. The hard IMS has characteristics in common 
with the LS and the soft IMS with the HS; the hard-soft 
IMS transition may be the most physically abrupt one 
between what may considered to be just two basic black 
hole states: hard and soft. The IMS was first observed 
at high luminosity (in the peak of black hole transient 
outbursts) and fo r that reason was origi nally called very 
high state (VHS; iMivamoto et al.iri991[ ). and the rapid 
transitions between hard and soft IMS at high luminosity 
were already a defining characteristic of the VHS when 
it was first named. At lower luminosity the IMS usually 
shows up as hard IMS. To distinguish between high and 
low luminosity occurrences of the IMS, we shall indicate 
the high-luminosity realizations of hard and soft IMS as 
hard and soft VHS, respectively, while the low fiux in- 
stances of the IMS will simply be referred to as hard (and 
if it occurs, soft) IMS. We consider hard IMS and hard 
VHS as basically the same state but at different lumi- 



nosity levels, as their power spectra very similar (see for 
instance Sect. 13. ip . 

For completeness w e note that 

iMcClintock fc R cmillardI ()2006D proposed alterna- 
tive definitions and names for black hole states, 
predominantly based on the energy spectral behavior 
and therefore not in one-to-one correspondence with the 
states distinguished here. They define a 'hard state' 
which is closest to the LS and a 'thermal-dominant 
state' closest to the HS, and further distinguish a 
'steep power law state' that is closest to the soft IMS. 
Contrary to the current work, that classification does 
not aim to provide coverage of all observable states, 
but rather to exemplify a number of specific combina- 
tions of X-ray spectra and rapid X-ray variability in 
order to provide a focus for physical modeling. As a 
consequence of this, many obs ervations not fitting the 
iMcChntock fc RemillardI (|2006[ ) definitions occur. These 
are described as 'intermediates' between these three 
states; in particular the hard IMS in their description is 
intermediate between hard and steep power law states. 
In the work presented here we will use the canonical 
state definitions as summarized above, in which the hard 
and soft VHS and hard IMS are all different realizations 
of the IMS found in between the LS and HS, as shown in 
Fig. [1] In that figure we also indicated the possibility of 
soft IMS occurrences during the low luminosity intervals 
of the IMS, similar to the so ft VHS at hig h lumi nosities, 
as suggested for instance bv lBelloni et al.l (|2005D . Up to 
date no unambiguous detection of such a soft IMS has 
been reported, perhaps due to a combination of the fact 
that the source generally moves rapidly through this 
part of the HID, and the lower statistics at these low 
luminosities. We finally note that the results presented 
here are not sensitive to the precise naming scheme for 
the black hole states. 

In Fig. [1] we also indicate the position of the jet-line 
which marks the transition between radio-loud and -quiet 
states (jFender et al.ll2004 IKording et al.ll2006D . The jet- 
line in Fig. [1] is a generic one and in individual cases 
the transition between radio-loud and -quiet states is 
not always a sharp one. Radio emission in the radio- 
quiet (also known as " quenched" ) states is not ruled out 
(|Kording et al.|[2006l and references therein) but occurs 
at fiux levels of up to a factor 50 lower tha n compared 
to the radio- loud states (jCorbel et al.|[200l[) . Remnant 
emission from large ejection events that occur close to 
the right-hand side of the jet-line may st ill be observed 
to th e left of it (in the radio-quiet states; IKording et al.l 
l200l) . In any case, in individual cases the jet-line is ob- 
served to be diagonal (Fig. [T|), i.e. in a typical transient 
outburst the transition back to radio-loud at low X-ray 
luminosity occurs at a spectrally harder position than 
the quenching of the jet at high X-ray luminosity, but 
its exact position is still a matter of debate (Fender R., 
2007, private communications). 

The neutron star LMXBs are subdivided into Z sources 
and atoll sources based on differences in their corre- 
lated X-ray spectral/timing behavior. The names are 
derived from the tra cks these sources prod uce in a color- 
color diagram (CD; Hasing er fc van der K lis 1989). Be- 
low we will only discuss the atoll sources, which have 
the following states (Fig. [2]): the extreme island state 
(EIS), the island state (IS) and the banana branch sub- 
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Fig. 2. — The canonical atoll neutron star states and their loca- 
tion in the hardness-intensity diagram. Note that we use here the 
same, but for neutron stars unconventional, black hole HID repre- 
sentation as in Fig. [T] The inset shows the same track using the 
conventional neutron star CD. The track shown is a typical one fol- 
lowed for neutron star atoll sources (persistent or transient); some 
sources show transitions between all states, while others are only 
found in few of them. 



divided into lower left banana (LLB), lower banana 
(LB) an d upper banana ( UB) (for a review see for 
instance Ivan der KlisI l2006h . The precise topology of 
these tracks at lo w X-ray lumi nosity (EIS) is a mat- 
ter of some de bate ([Gierlihski fc D one 2 002: Muno et all 
20021: Barret fc Olivd 120021 : Ivan 'St'raaten et al.l l2003t 



Reig et al...200'i ) but that is of no concern to us here. 



The behavior of the black holes and the neutron stars 
in their different states shows similarities. Based on the 
spectral and timing characteristics, van der Klis (1994) 
already suggested that the spectrally hard black hole 
state (LS) is similar to the spectrally hard neutron star 
atoll state (EIS; although at that time the distinction 
between IS and EIS was not yet commonly made), and 
that some of the softer black hole and neutron star states 
might also be identified with one another. Another way 
to associate neutron star and black hole phenomenology 
is by using the strong correlations that exist between 
the characteristic frequencies of most of their power 
spectral components. Some of these frequency-frequency 
relations look the same for black holes and (atoll) neu- 
tron stars, suggesting that the same physical processes 
underly these power spectral components, or, at least, 
the correlations between them. The frequency-frequency 
relations first identifi ed were the Wijnands- van der 
Klis relation (WK; IWiinands fc van der Kl is 1999) 
and the Psaltis-Belloni-van der K lis relation (PBK; 
iPsaltis. Belloni. fc van der Klisl[T999( ). The WK relation 
relates the break frequency of the band-limited noise 
and the centroid frequency of a low-frequency QPO 
above this break, and is the same for atoll sources and 
black holes. Z sources follow a parallel but slightly 
offset relation. The PBK relation relates the frequency 



of the 1-10 Hz high-frequency bump and that of a 
0.1-1 Hz low- frequency QPO in the black hole and 
weak neutron star sources, and coincides with an 
extrapolation of the relation between the 100-1000 Hz 
lower kilohertz QPO frequency and the 10-100 Hz 
low-frequency (LF) QPO frequency found in both atoll 
and Z sources. More recent studies confirm these results, 
although it is also clear that the entire phenomenology 
cannot be cau ght in just th ese two correlations (e.g. 
'Noway )2000t iBelloni et all [20021: iPottschmidt et all 
2003; 



Kalemci et al. |2003P iBelloni et al 



Boutl oukos et al.l 1200^ . Ivan Straaten et all (|2002 



2005 



i2003i) for the atoll sources extended this set of relations 
into a proposed 'universal scheme' of correlations which 
encompa ss the WK and P BK relation s among several 
others. IWarner fc Woudtl (2002) and iMauchd 12002) 
show that the PBK relation may even extend to white 
dwarf systems, which implies that even while some 
of the neutron star and black hole frequencies may 
require strong field gravity for their generation, at least 
the mechanism producing the correlations between the 
frequencies must be generic to a broad class of accretion 
flows. 

A complication regarding the frequency-frequency re- 
lations is the proper identification of the different types 
of variability phenomena, especially in the black hole 
power spectra. For the (neutron star) atoll sources 
the identification of the different components in the 
power spectra now s eems relatively wel l esta b lished 
jDi Salvo et al.' '2001'; 'van Straaten et al." '2002', I 2003L 
[2005; Altamirano_et al. 2005; Linares et al. 2005), even 
across different states, as components are observed to 
gradually change across state transitions. For the 
black holes no complete set of characteristic variabil- 
ity components observed across all canonical states ex- 
ists. Only in the case of the black hole LS an identifi- 
cation, sim ilar to that of the neutron star EIS, has been 
suggested (l^yiinands fc van d er Kli3 |1999l : IPsaltis et all 
[19991: lNowakll2000l : iBellonTet al. 200^. ^ 

In this paper we attempt for the first time to perform a 
complete identification of all black hole variability com- 
ponents across all canonical states. For this purpose we 
use the identification of the var iability components in the 
black hole LS as presented bv IBelloni et al.l (|2002l ). and 
the observed amplitude changes and shifts in frequency of 
these components during transitions to the other states 
as observed in a number of black hole transients. Us- 
ing these new identifications, we study the frequency- 
frequency relations and the variations in amplitude with 
frequency in a large number of black hole observations. 
We find that the frequency-frequency relations confirm 
our identifications, and are able to identify which com- 
ponents are responsible for the differences between the 
black hole and neutron star power spectra. 

The analysis presented here is part of a much larger 
program in which we compare all of the available pub- 
lic Rossi X-ray Timing Explorer (RXTE) Proportional 
Counter Array (PC A) data for the eight neutron star 
sources Aquila X-1, 4U 0614-^091, Terzan 2, 4U 1636- 
536, 4U 1728-34, 4U 1608-52, GX 3-hl, 4U 1820-30 and 
the nine black hole sources XTE J1118-f480, GX 339- 
4, XTE J1650-500, GRO J1655-40,XTE J1748-288, 
GRS 1758-258, XTE J1859-f266, XTE J1550-564 and 
4U 1543-47. Our current analysis covers total exposure 
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of ~ 8500 ks up to AOS. 

2. DATA ANALYSIS 

We analyze the data in a largely automated fashion, 
which allowes for a consistent analysis of our large data 
set. The data are comprised of 2860 observations, each 
identified by a unique RXTE observation ID and consist- 
ing of one to three contiguous, typically 1-3 ks intervals 
separated by Earth occultations and/or South Atlantic 
Anomaly (SAA) passages. Before performing the analy- 
sis, any bursts and dropouts are removed automatically 
using 16 second time-resolution light curves created from 
Standard 2 data. For bursts we locate the first point 
whose count rate exceeds twice the average rate of the 
observation (this does not have to be the maximum of 
the burst) and trace the start and end of the burst by 
finding the points around this point where the count rate 
is again similar (within la) to the average flux. Further- 
more, we remove weak observations for which the source 
was not detected above lOc. This results in the removal 
of data with a low intensity level (< lO^'^ Crab), which 
comprises only a few percent of the total number of ob- 
servations for each source. 

We use all available high time resolution data to cre- 
ate Fourier power spectra. For high count rate sources 
the lower energy channels 0-8 or 0-13 are excluded from 
the data in order to exclude i nstrumental effects, as 
sugge sted by many authors (e.g. ISunvaev fc RevnivtsevI 
120001 and see Klein- Wolt et al. 2005). We construct 
Leahy normalized power spectra using 128 s data seg- 
ments and 1/8192 s time bins such that the lowest avail- 
able frequency is 1/128 Hz and the Nyquist frequency is 
4096 Hz. These power spectra are averaged per observa- 
tion (see above) and the resulting average power spectra 
are converted to source fractional rms squared per Hz. 
We subtract the deadti me modi f ied P oisson noise using 
the method jjf Klein- W olt et all (|2005f) based on the ex- 
pression of [Zhang, (199j), shifting the Poisson function 
by a small amount (< 1%) to match the power in a high 
frequency range where no source power is expected. For 
most of the observations the range between 2 and 4 kHz 
is used for this. 

The issue of correcting for deadtime effects in tem- 
poral analysis of RXTE data i s much debated and 
still unresolved (see for instance Vikhlinin et al." '1994 ; 
Zhang et al. 1995; Zhang ,1995; Klein- Wolt et al. 2005; 
Boutloukos et al.ll2006f ). However, in the present work 
the effects are regarded as negligible as the power spectra 
above ~ 100 Hz depend only slightly on the way the Pois- 
son le vel is subtracted. As shown in iKlein-Wolt et al.] 
(j200^) the systematic uncertainty due to the residual 
Poisson noise in the rms amplitude of a broad high fre- 
quency feature when using the scaled Zhang function is 
in the order of ~ 1-10%. For a small fraction (^5%) 
of the observations the 2-4 kHz power spectrum shows 
a increasing or decreasing trend that did not match the 
predicted shape of the Poisson function. In those cases a 
lower range, between a few 100 Hz and ^^1000 Hz is used 
to match the Poisson function, and the power spectral 
information above ~ 100 Hz is ignored. 

We fit a characteristic subset (see Sect. [3]) of 160 obser- 
vations using a multi-Lorentzian model (cf. BcUoni et al.l 
[200 2i) . We describe the Lorentzians by their characteris- 
tic frequency (the frequency where the component con- 




0.1 1 10 1000 
Frequency (Hz) 

Fig. 3. — The identification of the power spectral components 
for the different neutron star atoll states. The EIS power spectrum 
is a characteristic one from 4U 0614-1-091, the IS and LLB ones 
are from 4U 1728-34 and the LB and UB ones are from GX 9+1 
IIReerink et al.ll200l) . 

tributes most of its variance per logarithmic frequency 
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interval) fmax = \Jv'^ + A^, where vq is the centroid fre- 
quency and A the HWHM of the Lorentzian, and by their 
inverse relative width (coherence) Q, defined as vq/2/S.. 
We only keep those components in the fits whose signif- 
icance, based on the error in the integrated power (from 
to oo), is more than 3ct or whose inclusion gives a > 3cr 
improvement of the fit according to an F-test. Narrow 
Lorentzians, with Q larger than 2, are referred to as quasi 
periodic oscillations (QPOs), broad or BLN features have 
Q< 2. For some of these features vq, and hence Q, is not 
well constrained and runs away to frequencies below zero. 
In fitting the power spectrum these features are fixed at 
I'o = (Q = 0) , with little effect on the overall quality of 
the fit. For plotting the power spectra we use the power 
times frequency representation (z/P^), where each power 
spectral density estimate Pj^ is multiplied by its Fourier 
frequency v. For a Lorentzian this representation helps 
to visualize the characteristic frequency z/max, as in i/P^ 
the Lorentzian's maximum occurs at I'max- 

3. IDENTIFICATION OF THE COMPONENTS IN THE 
BLACK HOLE POWER SPECTRA. 

In this section we present an identification for the com- 
ponents detected in the black hole power spectra in all 
th e canonical states. It is based on the identification 
by iBelloni et al.l (|2002r ) for the LS power spectra which 
makes use of the similarity to the neutron star EIS, and 
uses the observed, often gradual transitions between the 
states to extend the identification to all black hole states. 
These transitions allow us to follow the components in 
the power spectra as they change both in strength and 
frequency. For the identification of the states, in addition 
to the power spectral shape and its changes, we also use 
the instantaneous position of each source relative to its 
trac k in the color-color and hardness-intensity diagrams 
(e.g. iHasinger fc van der Kli s 1989; Homan ct al. 200l| 
IBelloni et al.ll2005f) . After inspection of all power spectra 
obtained from the large set of observations of the eight 
neutron star and nine black hole systems listed in Sect. [5] 
we selected 160 characteristic individual power spectra 
covering all states such that all the different recurrent 
spectra of each state are represented. These characteris- 
tic power spectra are fitted using the method explained 
in Sect. [21 It is important to emphasize that, as a di- 
rect result of the selection of characteristic power spec- 
tra, anomalous power spectra or features in power spec- 
tra are poorly sampled. As we will explain below and 
address further in Sect. 15.11 this is especially true for the 
high frequency QPOs occasionally found in black hole 
power spectra in addition to the broad high frequency 
features (e.g. [Strohmavcr 2001; Remillard ct al. 2002a|; 
iHoman et al1[2005bL 1200.1 iMiller et al.l 12001ft : more de- 
tailed analysis is necessary to investigate their behavior 
in full, but this is beyond the scope of this paper. 

For reference, in Fig. [3] we show the power spectra that 
in our analysis we found to be typical for the different 
neutron star atoll states. The identifi cation of the power 
spectr al components in Fig. 13) follows Ivan Straaten et al.l 
(|2003f ). In order of increasing frequency we distinguish 
the following compon ents: VLFN, L^, Lfci Lfe , ^hHz, 
hi and L,i. Note that. Ivan Straaten et al.l (l2005l ) regard 
the band limited noise component found in the EIS in 
between and L^, as possibly distinct from found at 
higher frequency in other neutron star states, and hence 




0.1 1 10 1000 
Frequency (Hz) 

Fig. 4. — The characteristic individual power spectra for all 
the black hole states. In each panel we identified the different 
components in the power spectra as explained in the text. Panels 
a-d show the power spectrum of XTE JI550-564 in the HS (ob- 
sID 40401-01-15-00), hard VHS (obsID 40401-01-57-00), soft VHS 
(obsID 40401-01-55-00) and the hard IMS (obsID 50135-01-01-00), 
and in panel e we show the LS power spectrum of GX 339-4 (obsID 
20181-01-01-00). Note that in panel b an extra VLFN component 
was added to fit a weak noise component at low frequencies (~ 0.01 
Hz). 
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Frequency (Hz) 

Fig. 5. — The transition from a typical hard IMS to a typical 
LS in XTE J1550-564, from MJD 51676.4 to 51686.3 (observa- 
tions 50135-01-01-00, 50135-01-02-00, 50135-01-03-00 and 50135- 
01-05-00 in panels a, b, c and d respectively). The components 
in the power spectr a are identified using the LS identification by 
IBelloni et al.l II2002I ) and then tracing back the components as they 
change frequency. The dashed vertical line indicates the frequency 
of the L^j? component in the first power spectrum (panel a). 
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MJD-51 676.4 

Fig. 6. — The change in frequency of the components during 
the state changes of XTE J1550-564. Panel A shows L( (bullets) 
and L„ (stars) and panels B shows L;, (bullets), (squares) 
and hh (triangles). Note that in panel A the gray stars give the 
upper limits for hu in some observations for which Lu was not 
significantly detected. At the top of the panels the letters a-d 
correspond to the observations shown in the corresponding panels 
in Fig. \E\ 

designate it as L^o^, (L^ and l^iow do not occur together). 
For simplicity we use the designation for both of them. 

3.1. LS, hard VHS & hard IMS 

In Fig. 2^ we show the identification of the components 
in a typical black hole LS power spectrum for GX 339-4 
We us e the identification as presented by IBelloni et all 
(|2002| ) for LS power spectra of XTE J1118-h480, but it 
is necessary to add an extra L/i component analogous 
to that seen in neutron stars. This component was not 
present in the XTE J1118-I-480 data, but is clearly de- 
tected in GX 339-4 (Fig. W)- Thus, our identification 
very closely matches that of the EIS power spectra of 
the neutr on stars IE 1724-3 045 and GS 1826-24 pre- 
sented by I Belloni et al.l |2002') and also matches the EIS 
presented in Fig.[3l As also noted bv Belloni et al.l (|2002l ) 
the black hole LS power spectrum differs from the neu- 
tron star EIS one by the presence of a narrow QPO (J-^lf) 
near L?t, and by less power at frequencies above ~ 100 
Hz. 

3.1.1. Hard IMS to LS transition at low flux 

In order to extend this identification to the other black 
hole states we follow in detail the transitions between the 
states of the black hole sources in our sample. For most 
of the sources we find that the transitions at high fiux 
between the LS and hard VHS and those at low flux be- 
tween the hard IMS and the LS are sufficiently gradual 
to allow us to track the components in the power spec- 
trum from observation to observation, as they change in 
frequency and strength. 

As an example of such a gradual transition we show 
in Fig. O the transition from the hard IMS to the LS 
(top to bottom) during the decay of the 2000 outburst of 
XTE J1550-564 as a sequence of four individual obser- 
vations covering twelve days (MJD 51676.4 - 51686.3). 
The total sequence consists of nine observations, some of 
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Fig. 7. — The transition from a typical LS to a typical hard 
VHS in GX 339-4, from MJD 52377.09 to 552405.71 (observa- 
tions 40031-03-02-04, 70110-01-09-00, 70108-03-01-00 and 70109- 
04-01-01 in panels a, b, c and d respectively). The components 
in the power spectr a are identified using the LS identification by 
IBelloni et al.l II2002I ) and then tracing back the components as they 
change frequency. The dashed vertical line indicates the frequency 
of the hi^p component in the first power spectrum (panel a). Note 
there is some extra structure in the BLN component in panel d: it 
is detected at 1.23 Hz at a weak level of ~ 3a (single trial signifi- 
cance). From the frequency of this component we conclude that it 
is most likely not an harmonic of the hi^p component. Additional 
structure in the BLN is only found sporadically in the hard- and 
soft VHS. 
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Fig. 8. — The change in frequency of the components during 
the state changes of GX 339—4. Panel A shows h( (bullets) and 
Lu (stars) and panels B shows L;, (bullets), hi^p (squares) and L^j 
(triangles). Note that in panel A the gray stars give the upper lim- 
its for hu in some observations for which hu was not significantly 
detected. At the top of the panels the letters a-d correspond to 
the observations shown in the corresponding panels in Fig. [T] 



which show only small changes in frequency. Figure [H] 
shows the frequency measurements for all the compo- 
nents in those observations. Application of the identifi- 
cation of the components in the LS to Fig. [SJi and trac- 
ing the components back towards the hard IMS leads to 
the identifications shown in Figs. and [5^-d, as fol- 
lows. The sequence in Fig. [5] shows that the strongest 
low frequency QPO, designated I^lFi gradually shifts in 
frequency from ^ 7 Hz in the hard IMS to ^ 0.5 Hz 
in the LS. We conclude that this QPO in the hard IMS 
power spectra is the same feature (but moved to higher 
frequencies) as that in the LS (Fig. Oi), and hence we 
identify it as such. We designate the weaker LF QPO, 
which is approximately a factor two in frequency above 
Llf, as LJ^ (Figs. [S^, b, and c). The identification 
of the other, broader (noise) components in the low fre- 
quency part of the power spectrum (below several tens 
of Hz) derives from the strong Llf QPO and is based 
on the LS identification: for all states we identify the 
broad feature below I^lf as Lb and the one above it as 
Lh (Figs.[4]and[5|). Note that Llf and are often close 
in frequency (separated by not more than a few Hz), and 
seem to form a closely coupled set of features. Figure [BJj 
shows all our measurements of these three frequencies; 
their common gradual decrease over time is obvious. 

The situation is more complicated at higher frequen- 
cies. Only on two occasions we detect simultaneously 
two significant components; one of these power spectra 
is plotted Fig. [SJi and the frequencies of both cases can 
be seen in Figl6^ (black symbols). In those cases we des- 
ignate the component closest in frequency to L^i? and 
L/i as Jji and the higher frequency one as L„ in analogy 
to other LS (and EIS) power spectra (Fig. 3^). In the 
event only one feature is detected we identify it as L^. 
However, we cannot exclude that in those cases we see a 
blend of L^ and L„. An argument in favor of this is that 
the single hi features are broader than those that are 
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accompanied by an L„ component (average Q of 0.3 
compared to ~ 0.02). 

For the cases when only one high frequency feature is 
significantly detected Fig. [6^ also shows the frequencies 
at which the highest value for the 95% upper limit (us- 
ing Q=0.9 and a frequency range of 100-1000 Hz, com- 
parable to the other cases when L„ was detected) on 
the rms amplitude for a second high frequency feature 
is reached (grey symbols). These upper limits are rela- 
tively high, between 3 and 10 % rms, which allows the 
presence of L„ in those cases at a similar strength as 
the detections in other observations. As can be seen in 
Fig. [S^ these upper limit values suggest that Li and L„ 
are close in frequency (i.e. there is no evidence for two 
separate components) until i^i drops to ~ 10 Hz (around 
day 8) and the frequency difference between and Vu 
becomes much larger. After the two LS power spectra 
where and L„ are detected separately on days 8 and 
10, the next two spectra on days 11 and 13 admit an 
additional L„ component well above L^; this component 
is not, however, significantly detected. Figures [5] and El 
show all the components L;,, 1j lf, L^, and gradually 
decreasing in frequency as the source moves from the 
hard IMS (Fig.EJi) to the LS (Fig.EJi). Only U shows 
a sudden drop in frequency (near day 7). This is due to 
the choice to designate single high frequency components 
all a s L^, which was mad e in order to remain consistent 
with lPsaltis et al.l (|1999D . see also Sect.O 



c 
a 



3.1.2. LS to hard VHS transition at high flux 

In Fig. [7] we show a similarly gradual transition from 
a typical LS to a typical hard VHS (top to bottom) dur- 
ing the rise of the 2002 outburst of the black hole tran- 
sient GX 339-4. The total sequence lasts from MJD 
52377.09 to 52405.71 and consists of 13 observations of 
which 4 are shown in Fig. [71 All frequency measure- 
ments are plotted in Figs. [51 Again, the components can 
be identified as explained above using the LS power spec- 
trum as a starting point, and tracing the L^f QPO as 
it changes in frequency. Analogously to the previous se- 
quence, we identify the strongest LF QPO as L^f and 
call the weaker LF QPOs a factor two above and below 
it L^^ and L7^, respectively. The initial LS power spec- 
trum in Fig.[^ (corresponding to the first 6 observations 
of the transition, see Figs. [5]) is somewhat different from 
the LS spectrum in Fig. [SJi. In Fig. [71i, the features are 
found at lower frequencies compared to those in Fig. [5li, 
and only one broad low frequency noise component is 
detected in addition to Llf- We interpret this compo- 
nent as a blend of the Lf, and L/i components, which 
here are sufficiently close together to appear as one fea- 
ture. This interpretation is supported by the observation 
that as the source moves from the LS towards the hard 
VHS the individual Lt, and L/j components both become 
visible and gradually become sharper. The L^ compo- 
nent increases in frequency at a higher rate than L;, (the 
relative change in frequency of L/j is ~ 0.5 per day, as 
compared to ~ 0.4 per day for L;,), which also helps the 
two components separate. After the frequencies have in- 
creased somewhat, in Fig.[7}3 (day 21) we see a LS power 
spectrum that is quite similar to that in Fig. [SJl, despite 
the fact that Fig. [51 depicts a low hmrinosity transition 
in XTE J1550-564 and Fig. [71 a high luminosity one in 
GX 339-4. The frequencies of Lf,, Llf and L/j gradually 
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Fig. 9. — An example of an observation (observation ID 30191- 
01-33-00, XTE J1550-456) with h^Hz, L« and L„. We detect these 
features at 57±5 Hz (lOcr, 2.1% rms), 194±4 Hz (7a, 2.0% rms) 
and 451±28 Hz (4.1(7, 1.6% rms). 

increase there after, with v^p and Vh always very close 
(Fig.lHlD). 

At higher frequencies for most of the observations in 
this sequence we significantly detect both L^ and L„ 
which change together with gradually decreasing fre- 
quencies until day 25 (see Fig. [8^). After that we de- 
tect only one significant feature, which again for reasons 
given in Sect. 13. IT) and further discussed in Sect. 15. 1} we 
designate L^. This feature is found at higher frequencies 
compared to the Lf components we detect before day 25 
and, like in the case of XTE J1550-564, we may be see- 
ing a blend here of L^ and L„. Note that again the upper 
limit values for L„ components in those cases are close 
in frequency to L^. 

So, up to day 25 all the components gradually change 
in frequency (see Fig. [5]) and strength causing the general 
power spectral characteristics to change from LS to hard 
VHS, and around day 28 probable Lf-L„ blends occur. 

In total we inspected 14 of such transitions between the 
LS and either the hard VHS or hard IMS in our data set 
and all were similar to the two cases reported here. The 
recent outbursts of GX 339-4 and GRO J1655-40 also 
confirm our results. The very similar LS power spectra 
at both high and low luminosity together with the large 
similarity between the power spectra of the hard VHS 
and hard IMS (Fig. [3]), and the gradual changes in fre- 
quency of most components in the power spectra during 
state changes allows us to identify the components in the 
hard VHS and hard IMS as presented in Fig. and d. 
We note that the sudden jump in vi that is not seen 
in the other frequency components could be avoided by 
identifying all high frequency features in these two tran- 
sitions above ^ 20 Hz as L„ - as discussed in Sect. lS.ljthe 
choise was made to remain consistent with iPsaltis et al.l 
(fT999h . 

3.2. Soft VHS 

The transitions between the soft VHS and either 
the hard VHS or the HS, are less gradual. How- 
ever, from our fits we find that in principle the soft 
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VHS power spectra resemble those of the hard VHS, 
with similar QPO structure and the same, but much 
weaker broad noise components (s ee Fig. Ht) and c and 
for instance Miyamoto et al. 19 91i iTakizawa et alJIlQQTl : 
iRemillard et al.ll2002bl :iCasella et al.ll2004al for examples 
of soft and hard VHS spectra). It is the abrupt change 
in the strength of the noise components (which occa- 
sionally coincides with a shift in QPO frequencies in the 
order of a few Hz) that mostly defines the sudden change 
in the overall power spectrum d uring the hard-soft VH S 
transitions already reported by iMivamoto et al] (|199l| ). 
This allows us to identify the structure of QPOs around 
6 Hz in the soft VHS with those QPOs found at similar 
(but occasionally slightly higher, in the order of a few 
Hz) frequencies in the hard VHS. Again we identify the 
strongest LF QPO as L^^-, and those a factor ~ 2.0 above 



and below this as Lj^ 



and L^p. At frequencies below 



the Llf QPOs the soft VHS power spectra have a weak 
VLFN (at similar strength and frequency occasionally 
found in the hard IMS, see Fig. [4ji) and L;, component 
(Fig. |3|d), while a broad component similar to (such 
as is seen in the hard VHS and hard IMS) is not detected 
in the soft VHS power spectra. At the highest frequen- 
cies we can find up to three significant features, see for 
instance Fig.[9l which we designate in order of increasing 
frequency: Ijhhz, a- relatively broad feature found above 
the \jLF QPOs, Iji (which has a somewhat higher Q than 
in the hard VHS and hard IMS), and above that, on some 
occasions, L„. The reason for the separate designation in 
L/t//z is that it seems to be a different component than 
other relatively broad features like L/j and that are 
close in frequency. This is further discussed in Sect. 15.11 



3.3. HS 

In most of the sources in our sample the transitions to 
and from the HS are associated with sudden (in the order 
of days) changes in the power spectra where the over- 
all power spectral shape changes drastically compared to 
that in the soft IMS, hard VHS or hard IMS. In some 
HS observations no significant features are detected in 
the power spectra, most likely due to a combination of 
weak (intrinsic) power and relatively low count rates. In 
those cases averaging more power spectra (i.e. combin- 
ing more than one observation) produces power spectra 
similar to those individual HS observations that do show 
significant power spectral features (Fig. 2^). However, 
in either case the sudden transitions to qualitatively dif- 
ferent power spectral shapes prevent the individual com- 
ponents in the power spectra from being traced during 
transitions to and from the HS. Hence, similar identifi- 
cation methods as used above can not be applied. In- 
stead, we attempt to identify the components in the HS 
based on their various intrinsic characteristics, in partic- 
ular their width and their relative frequency with respect 
to other features in the power spectrum. No components 
with frequencies above ^^20 Hz are detected similar to 
L/tiTz, or L„. Similarly to the identification in LS 
power spectra, we refer to the broad noise components 
as VLFN, Lf, and L/j and identify the QPOs with Ijlf 
components (Fig. 2^). This results in a good match to 
the frequency-frequency relations presented below. As 
the identification in the HS is not based on tracing com- 
ponents through the state transitions, we consider them 
as less secure. 
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Fig. 10. — In panels a-d we show the WK relation (gray bul- 
lets) together with our measurements for the relation between the 
frequencies of and L^^ (black bullets) and between L;, and 
Lh (black stars) for the LS, hard VHS, hard IMS and the HS. 
In panel d we also show our measurements for the relation be- 
tween the frequencies of L;, and hi^p (black triangles) for the soft 
VHS. The gray points are the origi nal points from the WK rcla- 
tioniWiinands &: van der Klisll 19991) c omp lemented by points fr om 
Ivan Straaten et al.l H20021 . 12003 . 12003) and lBelloni et al.l ||200D . 
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Fig. 11. — In panels a-d we show the PBK relation (gray bullets 
for the neutron star points and gray triangles for the black hole 
points) together with our measurements for the relation between 
the frequencies of and L^j? (black bullets) and that between hg 
and Lh (black stars) for the LS, hard VHS, hard IMS, so ft VHS 
and the HS. The gray points are taken from lBelloni et all l(2002 ) . 

4. FREQUENCY-FREQUENCY RELATIONS 

If the components we identified in the hard and soft 
VHS, hard IMS and HS using the methods outlined in 
Sect.[3]are the same as those found at lower frequencies in 
the LS, then the frequency- frequency correlations previ- 
ously identified between pairs of components in (mostly) 
the LS might be expected to hold across the different 
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canonical states. We fit the power spectra of 160 charac- 
teristic observations of our nine black hole sources (50 LS, 
50 hard VHS, 25 hard IMS, 10 soft VHS and 25 HS) and 
identify the components following the scheme outlined in 
Sect, m In each of the pan els in Fig. [TOl we show in gray 
the original WK data (,Wijnands fc van der KlisI [19M 
which include black holes an d neutron stars) comple- 
mented wit h poin ts taken from van _Straaten et all (|2002l 
[20031 12001 ) and iBelloni et all (|2002[ ). All points were 
obtained from fits using only Lorentzians, except the 
original WK points which were obtained using a bro- 
ken power law fit and values (see also Sect. [2|). To- 
gether, these points form a narrow band in the diagram, 
suggesting that the differences between these two differ- 
ent represent ations are unimportant as also concl uded by 
Belloiii et al] ([2002). Likewise, the PBK (Psaltis et al.l 
Tool " relation is shown in gray in each of the pan- 
els in Fig. [TIl for this we used the i^max values from 
IBelloni et alTpOOl . 

In black we plot in Figs.fTUlandfTTjthe results of our fits 
to the characteristic individual power spectra in the dif- 
ferent canonical black hole states. As mentioned before, 
Llf and hh are similar in frequency, however, sometimes 
only one of them is significantly detected. Therefore 
we show the frequency-frequency relations for these two 
components together. Figures [TUl and [TT] show that most 
of the frequencies we measured in the different states fall 
on the pre-existing WK and PBK relations, although the 
LS and hard VHS show a larger dispersion in frequency, 
especially in vlf- In most of the states there are cor- 
related changes in the frequencies and generally the fre- 
quencies of the components are higher in the hard and 
soft VHS, hard IMS and HS than in the LS. 

The L„ component is not covered by the WK and PBK 
relations presented in Figs.fTUlandfTTl therefore in Fig.fT^ 
we present the relation of L„ with all the other frequency 
components for our black hole measurements and those 
for atoll sources. Low luminosity bursters, XTE J1814- 
338, SAX J1808.4-3658, XTE J1751 -305, XTE J0929- 
314 and X TE J1807-294 as giv en bv lvan Straaten et all 
12005) and lLinares et al.l (|2cio5l ). It is clear from Fig.Hl] 
that the black hole components Lf,, h^F, and L^ 
all follow more or less similar trends with respect to 
L„ which, however, differ fr om the original relations 
for the neutr on star sources (jvan Straaten et"all l2005t 
iLinares et al.l [20051. Power law fits to the relations for 
the black holes presented in Fig. [T^ give significantly dif- 
ferent values for the power law indi c es com pared to the 
values given by Ivan Straaten et"aI1 (|2005[ ). But, when 
converting these indices to indices for power laws rep- 
resenting the WK and PBK relation for both our mea- 
surements for the b lack hol es and those for the neutron 
stars given bv lvan Straaten et al.l (|2005[ ) leads to similar 
results: while the relation of L^ with all the other fre- 
quencies is systematically different between black holes 
and neutron stars, the relations between the LF QPO 
and Lf, and between the LF QPO and L^ are very sim- 
ilar. Furthermore, Fig. [T^l also shows that all the L„ 
points for the black holes are consistently too low com- 
pared to the neutron star measurements. The same is 
also true for the \jhHz features in Fig. [T^l although their 
frequencies seem to be more or less independent of L^, 
simil arly to the hecto-Hz featu res found in neutron stars 
(e.g. Ivan Straaten et ani2005f) . they are found at lower 
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Fig. 12. — Correlations between the characteristic frequen- 
cies of the power spectral components as a function of In 
black the original points for the Atoll sources, Low luminosity 
bursters, XTE J1814-338, SA X J1808 . 4-3658, XTE J1751-305 
and XTE J0929-314 taken from lvan Str aaten ct al. (2005) and the 
measurements for XTE J1807-294 taken from Linares ct al. (2005). 
The and ui values for SAX J1808. 4-3658 a nd XTE J0929-314 
have b een multiplied with a factor 1.5 foUowing lvan StT aatcn ct al] 
li2005i) and those fo r XTE J1807-294 with a factor 1.59 following 
ILinares et al.l 1)20051 ). The solid dots represent Lj,, the pluses L/i, 
the crosses Ljo^,, the stars L^/^^, the triangles \jlf and the open 
circles L^. The colored dots represent the measurements for the 
black hole sources in our sample: in red L;,, in light-blue L^j?, in 
green Lji, in purple l^hHz and in dark-blue L^. 

frequencies compared to the those neutron star hccto-Hz 
features. However, we only detect a Tjkhz in combination 
with L„ on three occasions in our data sample (in the soft 
VHS) so unfortunately we lack statistics to come to any 
firm conclusions regarding the behavior of this compo- 
nent. 

So, based on the WK and PBK relations (Figs. [TOl and 
[TT|) one would identify most power spectral components 
in black holes and neutron stars as being the same (de- 
spite frequency and amplitude differences), but the com- 
ponent identified different in black holes and 
neutron stars. 

5. DISCUSSION 

In the previous sections we have suggested an identi- 
fication for the power spectral components observed in 
the various canonical black hole states. It is based on 
the changes observed in the frequencies and amplitudes 
of the power spectral components during canonical state 
changes that allow us to trace the components across 
states. An important new ingredient that we used in in- 
terpreting the power spectra is the occurrence of blends 
between components both at high and low frequency. We 
demonstrated that the occurrence of such blends is plau- 
sible based on the systematic behavior of the components 
that is observed when they are detected separately. 

The basic idea behind the identification, that there 
are smooth transitions between different power spec- 
tral states which allow for individual components to be 
traced, is also s uppor t ed by the work of [No wak (2000), 
IKalemci et all ([20031 [2003 ) and [BellMfiet'al.l (|2005l) . 
In particular IBelloni et alT (|2005D find that during the 
2002/2003 outburst of GX 339-4 a LF QPO in the hard 
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VHS can be linked to a QPO observed in the LS, and 
that the overall power spectral characteristics of the hard 
IMS can be seen as a continuation of those in the LS; all 
the power spectral frequencies increase when going from 
spectrally hard to soft, and decrease when going from 
soft to hard. Furthermore, they find sharp transitions 
to and from the soft VHS similar to the one s we fi nd in 
our ensemble of sources. Although iNowakI (|2000r ) give 
a similar identification for the broad "high frequency" 
components in the LS spectra of GX 339-4 and Cyg X-1 
as the one we use (Fig.|4}3) and extend to the other states, 
further examination of the high frequency components is 
required. 

5.1. The identification of the high-frequency components 

The possible blends and the presence of sharp high fre- 
quency QPOs in addition to the broad features reported 
here, imply several caveats regarding the identification of 
the high frequency components hhHz, L^ and L,( across 
the different canonical states. 

The possibility of observing a blend between hi and L„, 
was discussed in Sect. |3l In most cases it may be a lack 
of statistics that prevents us from significantly detecting 
two separate features; either a second feature above L^ 
is not significantly detected (but occasionally has a rel- 
atively high upper limit, see Sect. [3]) or Lf is found to 
be relatively broad (typical Q values of less than 2), sug- 
gestive of a blend. For black hole sources in the original 
PBK relation the strongest LF QPO is identified with the 
horizontal branch oscillation (HBO) found in Z sources, 
based on the similar characteristic relatio ns with both 
count rate and with the break frequency (jPsaltis et al.l 
I1999D . The high frequency QPOs, broad and narrow, 
observed in black holes at that time did not share any 
characteristics with the kHz QPOs found in the neutron 
star sources. But, predominantly ba sed on the sirnilarity 
with the neutron star source Cir X-1 iPsaltis et al.l (|1999l ) 
nevert heless identified thes e features with the lower kHz 
Q POs. iBelloni et al.l (I2002D used the same identification 
as IPsaltis et al.l ( 1999 ) , and neither of them address the 
possibility that the PBK relation contains a blend of 
and Ltj components all designated L^ . Our identification 
of the compo nents in the LS pow er spectrum is based on 
that given bv lBelloni et al.l (|2002t l in which the two broad 
high frequency features called L^ and L„ (see Sect. 13. 1|) 
are tentatively identified with the lower and upper kHz 
QPOs found in neutron stars and where in case of only 
one high frequency feature the designation L^ is always 
used. For this reason the high frequency feature above 
the low frequency QPO called hi by both IPsaltis et al.l 
(jj999) and BcUoni eTall ()2002l ) is physically the same 
as the blended feature we identify here. So, we can 
sa fely and consistentl y co mpare our results w ith those 
of IPsaltis et"an (|1999D and lElelloni et all (|2002D when we 
designate the high frequency feature as L^. 

The match of the frequencies of our identified compo- 
nents to the pre-existing frequency-frequency relations 
(Sect. HI) provides an argument against other identifi- 
cations that fit less well. As an example of an alter- 
native identification, instead of identifying a single high 
frequency feature as a blend between hi and L„, for the 
sequence of observations presented in Figs. [5] and |7| an- 
other possibility would be that sometimes we see a blend 
between h^ and hi. For instance, in Figs. [5^-c we can 
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TABLE 1 

Characteristics of the black hole and neutron star 
variability components. note that we give characteristic 
ranges for frequencies, q and rms amplitudes across the 

different states. note that, here we have made a 
subdivision in liow and l^, with the latter corresponding 
to the spectrally hard neutron star eis and black hole 

LS. 

identify the feature now classified as hh as a blend of L^ 
and hi and the feature detected above that (now desig- 
nated hi) as L„. In that case we only detect hh and hi 
as separate features in Figs. [5ji; i.e. only in power spec- 
tra that have significant detections of L„. However, this 
identification is not supported by the PBK relation: if we 
take for i^i the frequency of the blended features hh and 
hi, then we find that ve is systematically too low. We also 
checked other alternative identifications against the pre- 
existing frequency-frequency relations and did not find 
one that showed a better match than the one presented 
here. 

The situation is more complicated when three features 
are detected at high frequency, as occasionally occurs in 
the soft VHS. An example of such a situation is pre- 
sented in Fig. ini no low frequency broad noise compo- 
nent, hh, is found, but an extra feature is detected at 
higher frequencies which we designated hhHz- We iden- 
tify this feature to be different from the hh component 
based on their different characteristics: the L/i in the 
hard VHS has on average a frequency of 5.7±2.4 Hz, a Q 
value of 0.5±0.1 and an rms amplitude of 5.0±0.7% while 
the hhHz has on average a frequency of 40.7±5.0 Hz, a 
Q value of 0.9±1.3 and an rms amplitude of 1.7±0.3%. 
Because we only sporadically detect the hecto-Hz fea- 
tures, we cannot trace them across the states; h^Hz is 
found in between h^p and hi and the feature above 
hi is identified with L„. Table |T] gives the frequency 
range, and the range of Q and rms values for the hecto- 
Hz QPOs (as well as all the other components) detected 
in our sample. Note that van Straatcn ct al. (2002) sug- 
gested hfiHz in black holes to be similar to the hecto- 
Hz features detected in the neutron star sources. Fea- 
tures similar to h^Hz found here have been reported for 
other black hole sources, for instance in XTE J1650-500 
Hloman et al. 2003; Kalemci et al. 2QM) and 4U 1630- 
47 ( Klein- Wolt et al.ll2005f ). However, as concluded in 
Sect, m while the hecto-Hz features in the neutron star 
sources all have frequencies close to ~ 150 Hz (e.g. 
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Ivan Straaten et ani2002f ). the L^hz in black holes are 
found at lower frequencies between ~ 20-80 Hz (Table [1] 
and Fig. [HI). 

The high frequency features reported here are usually 
broad and it is not clear how they are related to the 
sharp high frequency QPOs (Q values of 2 and larger) 
in black holes reported in the literature (e.g. [S trohmaver 
2001'; 'Re millard et~aLll2002at iHoman et aL|[2005b. ,2003 : 
Miller et al.l l200lf r Although occasionally we detect 
sharp high frequency features at similar frequencies as re- 
ported by previous authors, the single trial significances 
were relatively low. This is most likely related to the 
fact that special sel ections on time or energy are neces- 
sary (e.g. I Strohmav er 2001) for the significant detection 
of the black hole kHz QPOs, which were not made in 
the analysis presented here. The detailed analysis of the 
behavior of the high frequency features (kHz QPOs) is 
an important one, but is restricted by the limited statis- 
tics at those frequencies for the black hole power spectra: 
most of these features are only barely detected above the 
noise level, and up to now we only have a handful of 
significant detections. A more comprehensive study of 
the behavior of these features is beyond the scope of this 
paper. 

5.2. Gradual canonical state changes and implications 
regarding the identification of the black hole power 
spectral components 

The behavior of transients and persistent sources has 
for many years been described in terms of fixed canonical 
states, both for black holes and neutron stars (Sect. [1]). 
Although this rather rigid scenario has provided a rea- 
sonable description of black hole sources, the increasingly 
detailed coverage of the transient sources with RXTE 
over the last few years has provided a more complete pic- 
ture. There has been some debate on the classification of 
the black hole states and on the descriptors that define a 
state, however, it generally comes down to a combination 
of energy spectral and power spectral behavior. The re- 
cent outbursts of for instance XTE J1550-564, GX 339- 
4 and GRO J1655-40, have intense coverage especially 
during the rise and the decay of the outbursts filling in 
the "gaps" in the CD and HIDs left by the more patchy 
observations of the past. They present the source (and 
its power spectra) as exhibiting a continuum of spectral 
and temporal behavior that can be usefully parametrized 
through their location in the HID (see Fig. [T|) which 
is closely coupled to the power spectral shape. Obser- 
vations like these present a picture in which the vari- 
ous states represent repeated occurrences of the source 
with clearly different energy- and power spectral behav- 
ior. Between some of these states smooth transitions 
occur during which the power spectra gradually change 
while other transitions are mor e abrupt, as shown in 
Sect. [3] (but see also for instance iRemillard et al.l[2002bl : 
iKalemci et al.l [20031 ). Whether this is due to to just 
shorter timescales for the state change or true discon- 
tinuities in state is not yet clear. 

Gradual changes in the power spectra have been re- 
ported before for a r iumber of sources (e.g iHoinan et al.l 
120011 : iBelloni et all 120051 : IKalemci et aITl2003f l and in 
Sect. [3] we use this fact to trace the power spectral 
components across the different states. These grad- 
ual state transitions are ordinarily characterized by fre- 



quency (and amplitude) shifts when going from the spec- 
trally hard state (LS) to the softer states (hard VHS/soft 
VHS/hard IMS) and vice versa, and generally frequen- 
cies decrease and fractional amplitudes increase when the 
source gets spectrally harder. Although the aperiodic 
variability often shows gradual changes, the state change 
is often marked by a more abrupt chang e in the spec- 
tral hardness (see also IKalemci et a"Lll2004D . However, in 
Sect. |3|we have discussed transitions between the hard 
and soft VHS that are characterized by a sudden disap- 
pearance of a noise component (Lh) in the power spectra 
(while most components suddenly become weaker). More 
dramatic changes in the power spectra occur for the HS - 
soft/hard VHS and HS - hard IMS transitions; on a rela- 
tively short time scale (hours to days) the power spectra 
change completely and so far no gradual change has been 
observed for these transitions. So, there seems to be a 
difference between gradual and more abrupt state transi- 
tions, where the gradual ones occur between the LS and 
hard IMS/ VHS and the abrupt ones occur between the 
hard and the soft VHS and between the HS and either 
the hard/soft VHS or the hard IMS. 

Regardless of whether the state transition is gradual 
or more abrupt, the identifications proposed here imply 
that the same components are found before and after 
a transition. This is also the case for state transitions 
across the jet-line, which has been associated with the 
switching o n and off ("q uenchi ng") of the radio jet (see 
Fig, m and [Fender et al.l 120041 : lKording_et_alJp06l') . In 
the current picture (for a review, see lFendeil[200l the 
radio : X-ray correlation is such that spectrally hard 
states (right-hand side of the jet-line) are related to ra- 
dio emission. In the softer states (left-hand side of the 
jet-line) the radio emission is quenched and furthermore, 
when crossing the jet-line from right to left a large ejec- 
tion event is predicted. The large change in the radio be- 
havior when crossing the jet-line at high X-ray fluxes (see 
Fig- [J) is not associated with a similar large change in the 
X-ray behavior: this transition across the jet-line is asso- 
ciated with the hard VHS to soft VHS transition which is 
characterized mainly by a disappearing noise component 
(L/,,) while most of the other components are found on 
either side of the jet-hne (compare Figs.[4lD and c). The 
largest change in the X-ray behavior occurs when the 
source makes the transition to the HS and the strength 
of all power spectral components decreases dramatically. 
Furthermore, while the hard VHS at high flux intervals 
is associated with radio emission (quasi-continuous jet), 
the hard IMS has almost identical power spectra (see 
Figs. [It and d) but has no radio emission. In fact, in 
cases when ample radio coverage is available the radio is 
only switched on when t he transition to the LS occurs 
(e.g. iHoman et al]|2005al) . Assuming that the outer-jet, 
located a distance of ~ 10^ Schwarzschild radii (for cm 
wavelengths) away fro m the comp act object, is the source 
of the radio emission (jMarkoff et al. 2005) the correlated 
radio : X-ray behavior clearly shows that whatever phys- 
ical structures are responsible for the production of the 
X-ray variability they are not strongly related to the ra- 
dio jet. Hence, the QPOs and noise components are not 
generated in the outer-jet, instead, presumably originate 
in the disk or corona (which could still form the base of 
the jet). 

The association between some variability components 
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identified as being the same in neutron star and black 
holes suggest that they originate from the same physical 
process. These processes cannot then be related to char- 
acteristics unique to either type of object, such as the 
material surface or magnetic field of the neutron star or 
to the horizon or extreme frame-dragging of a black hole. 
Instead, they are more likely associated to processes that 
take place in common structures such as disk, corona 
or jet (but see above). Another possibility is that the 
mechanisms producing the different variability compo- 
nents are different, but that common processes in black 
hole and neutron star systems are responsible for creating 
the same correlation between variability types. Again, 
in that respect the common processes are most likely re- 
lated to the accretion flow around the compact objects 
and not to unique physical characteristics of black holes 
or neutron stars themselves. It is for the first time that 
the two major frequency-frequency relations (PBK, WK; 
Figs. [To] and [TT|) known to hold for both neutron star 
and black hole systems in some states are shown to hold 
for all black hole states (Sect.|3]). Apparently the changes 
in the accretion flow that are supposed to exist between 
the different canonical states do not affect the correlation 
between some of the power spectral components, sug- 
gestive of a common process responsible for those cor- 
relations. However, as presented in Table [1] there are 
clear differences between components interpreted as be- 
ing the same. Besides the clear differences in frequency, 
we observe sometimes large differences in Q and rms am- 
plitude. In the next section we discuss that amplitude 
difference in some more detail. 

The third importa nt frequency-frequency rela tion orig- 
inally proposed by (jvan Straaten etlHI l2003l Fig. \^ 
does show clear differences in the behavior of one com- 
ponent, Lu, dubbed the same in both black holes and 
neutron stars. In black holes L„ is consistently found 
at lower frequencies and shows a different relation to all 
the other components, compared to the L„ component 
found in the neutron stars. While the difference in fre- 
quency in black holes and neutron stars can perhaps be 
explained as a mass effect (see Sects. 15.3.11 and I5.3.2p . 
the different dependence on the other frequencies sug- 
gests additional differences in the mechanism producing 
these components in black holes and neutron stars. 

It is interesting to note that Figs . [TUl and [TT] show that 
the lowest frequencies which the various correlated com- 
ponents reach in the hard state are similar for the neu- 
tron stars and the black holes. Although selection effects 
associated with low source fluxes may play a role here 
(low sensitivity for the lowest frequencies as these are 
reached at the lowest luminosities), this argues against 
the possibility to estimate compact object mass from LS 
observations of black holes to an accuracy that would al- 
low to detect the factor 5-10 difference between neutron 
stars and black holes in LMXBs. The highest frequencies 
appear to be attained by these same correlated compo- 
nents in the hard IMS/VHS (the soft VHS frequencies 
are somewhat lower), and here we see a factor ^^5 or 
more difference, consistent with expected neutron star 
and black hole mass ratios. So the maximum frequen- 
cies reached in these states may be a more reliable mass 
indicator. Of course, as these frequencies are variable, 
estimating masses from t hem is anyway s omew hat risky. 

The link observed by iBelloni et atl (|2005l ) of their 



"type C" QPO in the hard IMS to a QPO observed in 
the LS agrees with our classification for the components 
in the hard VHS and IMS, which uses the transition to 
and from the LS. Further distinctions into type A, B and 
C have been proposed among the L^p QPOs (se e for 
instance IWiinands et allllQQa ICasella et al.ll2004bl and 
references therein). Although we do not use that subdi- 
vision here, the QPO that we identify as Llf in the LS 
and hard IMS and VHS most likely corresponds to type 
C and that in the soft VHS to type B (Fig. S]). These 
QPOs are often rather similar and the main difference 
between the hard and soft IMS power spectrum occurs 
in the noise components. Interestingly, t he differences 
betwe en type A, B and C QPOs reported IBelloni et al.l 
(|2005f) and others, do apparently not manifest themselves 
in the frequency- frequency relations: we find that all the 
Llf components across different states follow the PBK 
and WK relations. In this context we note again that 
rare features tend to be disregarded in our approach that 
focuses on characteristic behavior. 

5.3. A comparison between black holes and neutron 

stars 

5.3.1. Black hole power vs. neutron star power 

With our proposed variability component identifica- 
tions we can now perform a first investigation into the 
origin of the finding of Sunyaev & Rcvnivtscv (200(|) 
that the neutron stars show more power than black holes 
at high frequencies. In Figs. [T3] and [T3] we plot the 
fractional rms amplitude of the different power spec- 
tral components vs. their Vmax frequency for black 
holes and neutron stars, respectively. These measure- 
ments are obtained from fits to the same representa- 
tive set of 160 observations also used in Figs. [10] and 
[TTl For the neutron star s we use additiona l points taken 
from Ivan St raaten et al.' (2002'. '2003'. l 2005f) and the mea- 
surements by Rcerink et al. (2004) for the atoll sources 
GX 9+9, GX 9+1 and GX 3+1 ^. iReerink et all (pOOl ) 
fit the VLFN with a power law and therefore those mea- 
surements cannot be used here as no central frequency 
is provided. However, for those VLFN components they 
find that these contribute to the total power in the range 
below 0.1 Hz with fractional rms amplitudes in the range 
of 2-4% rms, which is at a similar level as the VLFN 
measurements presented here (black points in Fig. [T4| . 
Note that as all states are mixed together in Figs. [T5I and 
I14[ the usual order of frequencies between components is 
mixed up as well. Also, Figs. [13] and [14] do not contain in- 
formation pertaining to the frequency range over which 
the power of each component is distributed. Using for 
instance the FWHM of the features to indicate this for 
each data point complicates the figure but does not lead 
to different insights. 

Figures [13] and [14] both show the two contours repre- 
senting the upper envelope of the i^maa-rms distribution 
of black holes and neutron stars as black and dashed 
lines and vv., respectively, to allow for easy compar- 
ison between the two types of sources. The contours 
cross around 5 Hz, with the neutron star features having 
larger rms amplitudes above that frequency, while the 

^ Note that the measurements bv lReerink et al] II2004I ) were used 
since it provides more characteristics examples of UB and LB power 
spectra than were present in our sample 
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Fig. 13. — RMS amplitude (in %) vs. the frequency for a repre- 
sentative set of observations from the sample of black hole sources. 
The different power spectral componets are indicated with different 
colors: VLFN— Black, Lj-Red, Lj^i?— Light- blue, Ljj— Green, l^hHz^ 
Purple, Lf-Dark-blue and L„-Yellow. Two contours are drawn, 
the line for the black hole points in this fig ure and a dashed one 
for the neutron star measurements from Fig. 1141 

black hole features are stronger below it. Above 5 Hz 
the strongest black hole features are weaker than those 
in neutron stars by up to a factor 6 (i.e., 36 in power) 
and have characteristic frequencies of up to a few 100 Hz, 
while neutron star features have frequencies up ^ 1000 
Hz. 

The general trend across about 5 decades in frequency, 
as presented in Figs. [13] and [TH is somewhat different 
for black holes and neutron stars: for neutron stars the 
frequency-rms distribution envelope is more flat than 
that for black holes, and the decrease in power is much 
steeper and occurs at higher frequencies, well above a 
few 100 Hz. Furthermore, the frequency-rms distribu- 
tion reveals the widely acknowledged observation that 
the power spectral components tend to be stronger and 
found at lower frequencies in the spectrally hard states 
compared to the softer states (see also Figs. [T5] and [T6| . 

Using Figs. [T2] and [U we can identify which compo- 
nents are responsible for the broad-band power spectral 
differences between black hole and neutron star X-ray 
binaries. At frequencies above ~ 5 Hz the neutron stars 
dominate due to their stronger hhHz, and L„ fea- 
tures. The color-coding also shows that similar power 
spectral features tend to be found at higher frequencies 
for neutron star sources. So, the differences in power be- 
tween neutr on stars and black hole s at h igh frequencies 
reported by ISunvaev fc RevnivtsevI (12000) can all be at- 
tributed to differences in frequency and strength of these 
high frequency features, and do not require the absence of 
any components from black holes that are present in neu- 
tron stars. Note however that, as explained in Sect. 15.21 
L„ is found to be different in both types of systems. As- 
suming that the frequencies are inversely related to the 
mass of the accreting object ^, the observed frequency 

^ In the simplest case all frequencies are Keplerian at radii that 
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a representative set of observations from the sample of neutron 
star sources suplemented by points taken from Ivan Straaten et all 
(2002, 2003, 2005). The different power spectral componets are 
indicated with different colors: VLFN-Black, L;,— Red, L^^-Light- 
blue, Lfe-Green, L^^f^-Purple, Lf-Dark-blue and L^-Yellow. The 
black and red stars are the (high-) VLFN and L;, components taken 
from Reerink et al. (2004). Two contours are drawn, the line for 
the neutron star points in this figure and a dashed one for the black 
hole measurements from Fig. 1131 

difference between neutron stars and black holes might 
be a manifestation of the mass difference between them. 
Furthermore, the differences in amplitude might be re- 
lated to the presence of a solid surface in neutron stars, 
absent in black holes, which enhances the effect of any 
inhomogeneities in the accretion flow by affecting not 
only the integrated disk emission but also the boundary 
layer/surface emission at the time the inhomogeneities 
accrete. 

At frequencies below ^ 5 Hz, the black holes are up 
to 8 times stronger then the neutron stars. This is pre- 
dominantly caused by the strong L;, component in the 
black hole LS spectra, see Fig. [3l and only rarely by 
a stronger VL FN (i.e. a c omponent below L^). Note 
that recently Linares et al.l (2007) have shown that the 
accreting milhsecond pulsar IGR J00291 -I- 5934 shows 
band strong limited noise of ^ 12-40% (rms) in the fre- 
quency range between ~ 0.01 and 0.05 Hz, a behavior 
that is very unusual for this type of source. In fact, these 
high fractional rms amplitudes at low frequencies makes 
IGR J00291 -|- 5934 very similar to black ho le sources, see 
Figs. [Island [T4l as already pointed out bv lLinares et al.l 
(j2007). 

Figures [TSl and [TBI show the behavior for the black hole 
Llf, L/i and L^ components but now separated by source 
state. From these figures it is clear that the rms de- 
creases only above a certain frequency, clearly related 
to the hard to soft transition transition, but only with 
little additional frequency change. For the other compo- 
nents in the black hole power spectra and for those in the 

scale with the Schwarzschild radius, r=6GM/c^, for which the fre- 
quency is ujf = ^/((GM)/r'^) and hence: uk ~ -jj 
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Fig. 15. — Fractional RMS as a function of frequency for L^^ 
(panel a) and hf^ (panel b) shown for the LS (black), HS (light- 
blue), hard IMS (red), hard VHS (green) and the soft VHS (dark- 
blue) observations (points similar to those in Fig. 1131 . 

neutron star power spectra similar trends are observed, 
although sometimes less clear. 

Finally, Fig. [16] clearly shows a bimodal behavior for 
the black hole Lf component. The LS is characterized 
by L^'s at relatively low frequencies, ~ 1-20 Hz, with 
Q values between and 0.6 and rms amplitudes be- 
tween 10-50%. On the other hand, the Le components 
in the hard-, soft VHS and hard IMS are found between 
^ 10-300 Hz with Q values between and 6 and rms 
amplitudes of 1-10%. This behaviour is very similar to 
what was found for the high frequency QPOs in the atoll 
sources. As mentioned before. Ivan Straaten et al.l (|2005l ) 
distinguished two types of lower kHz QPO features in 
the neutron star atoll sources: Lfo^ for broad, relatively 
strong features at frequencies below ^ 100 Hz and Le for 
sharp (Q> 2) features at kHz frequencies, see Table [TJ 
Because we identify the broad high frequency feature in 
the hard-, soft VHS and hard IMS as a possible blend 
of two features, we have to be careful when comparing 
these measurements with those in the LS where we do de- 
tect hi and Lu as seperate features. For instance, we are 
very likely overestimating the width (or underestimating 
the Q) of the high frequency features (designated Li). 
Therefore, for the black hole power spectra we have not 
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Fig. 16. — Fractional RMS as a function of frequency for hi for 
the LS (black), hard IMS (red), hard VHS (green) and the soft 
VHS (dark-blue)observations (points similar to those in Fig. I13t . 
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5.3.2. black hole and neutron star states 

In the previous sections we have shown that, based on 
the identification of all the components in the black hole 
power spectra and using the known frequency-frequency 
relations, we can identify most of the variability compo- 
nents as being the same in black hole and neutron star 
X-ray binaries - it is only L^ that seem to be different. 
From Figs. [Hand [5] it is clear that the black hole LS and 
neutron star EIS have similar relative positions in the 
HID. Also, as a basis for the identification we use the 
large similarities between the black hole LS and neutron 
star EIS power spectra: the overall shape is very similar, 
see Figs. |3| and |4| and when we shift the LS power spec- 
trum by about a factor 5 in frequency such that L{, in 
the LS is at the same frequency as the same component 
in the EIS, most other components coincide in frequency 
(but still can have considerable differences in amplitude). 
Obvious differences between the LS and EIS power spec- 
tra are the lack of LF QPOs but the much stronger high 
frequency features in the EIS while at lower frequencies 
the LS power spectra are stronger, similar to what we 
already concluded from Figs. [T3l and [Ml So, how similar 
are the power spectra of the other black hole and neutron 
star states? 

Based on the relative position in Figs. [1] and [2| it is rea- 
sonable to compare the black hole hard- and soft VHS 
and the hard IMS with the neutron star IS and perhaps 
also the LLB. The power spectra in Figs. [3| and [4| show 
that the IS and LLB lack the strong LF QPOs that dom- 
inate the black hole power spectra around ~ 10 Hz, but 
have much stronger LhHz, L^ and L„ features. Interest- 
ingly, a similar disappearance of the noise component L/i 
from the hard- to the soft VHS is also seen between the 
IS and banana states. No shift in frequency to the black 
hole hard- and soft VHS and the hard IMS power spec- 
tra, such as required in the case of the LS and EIS, can 
be envisaged that results in most of the power spectral 
features to coincide. Although, a shift with a factor ~ 5 
does improve the match between the broad-band power 
spectral shapes. 

Based on the relative position in the HID (Figs. [1] [2]) it 
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would seem reasonable to compare the black hole HS with 
the neutron star LB and UB. However, the power spectra 
in Figs. [3] and m show no obvious similarities and no shift 
in frequency can be found that would consistently match 
power spectral components, or even improve the match 
between the broad-band power spectral shapes. 

If the shift with frequency applied to the black hole 
power spectra with respect to the neutron star ones im- 
proves the match between the broad-band power spectral 
shapes and coincides some of the power spectral compo- 
nents that are dubbed the same in at least some of the 
canonical states, then the difference in frequency by a 
factor ~ 5 can be a mass effect (see Sect. I5.3.ip . How- 
ever, a preliminary analysis has not provided conclusive 
results. 

6. SUMMARY AND CONCLUSIONS 

From a uniform analysis of a large (8.5 Ms) data set of 
RXTE/PCA observations of LMXBs we present for the 
first time a complete identification of all the components 
in the power spectra across the different canonical black 
hole states. It is based on the identification of the com- 
ponents in the LS that has a strong analogy with that 
in the neutron star EIS, and uses the observed frequency 
changes of the components as the source changes from 
one state to another. The identification is supported 
by the known frequency-frequency relations (PBK and 
WK) which are shown to hold for all black hole canoni- 
cal states. We find that: 

• for black holes the same component is found in the 
different canonical states at a different frequency, 
but always following a fixed relation to the other 
frequencies; 

• Lf,, LiF, Jjfi and in black hole power spectra are 
strongly related to the components that are dubbed 
the same in neutron star power spectra but that 
are found at different frequencies again following a 
fixed relation to the other frequencies; 

• L„ components in black holes seem to be different 
to the ones found in neutron stars: they are found 
at lower frequencies and have a different relation 
with all the other variability components; 

The observation of similar variability components in 
black holes and neutron stars can be explained in two 
ways. Either the variability originates from the same 
physical processes that take place in the accretion flow 
around the compact objects, or the origin of the vari- 
ability might be different, but there is one generic mech- 
anism that causes the correlations between the frequen- 
cies to be the same. Likewise, the same conclusions can 
be drawn from the identification of the same frequency 
components across all canonical black hole states: either 
the same physical processes occur throughout all canoni- 
cal black hole states and state-specific characteristics are 
responsible for the observed differences in frequency and 
strength, or the underlying processes are different from 
state to state and one common mechanism is responsible 
for the frequency correlations. In any case, the common 
mechanism that either is responsible for only the corre- 
lations or determines all the characteristics of the vari- 
ability cannot depend on unique source (or state) char- 
acteristics, such as the magnetic field or the surface of 



the neutron star or the spin of the black hole but instead 
must depend on the general properties of the accretion 
fiow around compact objects. 

The different behavior of L„ in the black holes com- 
pared to the same component in neutron stars manifests 
itself in a lower frequency and a different relation to all 
the other frequencies. While the difference in frequency 
can perhaps be explained as a mass effect, the differ- 
ent dependence on the other frequencies suggests addi- 
tional differences in the mechanism producing these com- 
ponents in black holes and neutron stars. 

There are also caveats regarding the proposed identi- 
fication one of which is related to the features detected 
at high frequencies (above ~ 100 Hz) in the black hole 
power spectra. These features are relatively broad com- 
pared to the high frequency QPOs in black holes oc- 
casionally reported in the literature, and are therefore 
regarded as different. Furthermore, it cannot be ruled 
out that on some occasions (in the hard- and soft VHS 
and hard IMS) we see a blend of two high frequency 
features, L^ and L^: two sharper high frequency features 
cannot be individually resolved a s they are closely spa ced 
in frequency. In compliance with lPsaltis et all l|1999( ) we 
classified these blended features L^. Also, at lower fre- 
quencies blends occur, especially between two relatively 
broad BLN components L^ and L/j. 

The suggested identification is based on the observed 
gradual transitions between some power spectral states; 
while the transitions between the LS and hard IMS/ VHS 
are found to be gradual, the ones between the soft states 
(hard-soft VHS, HS-hard/soft VHS / hard IMS) are 
found to be more abrupt. Whether this observed fact 
is due to shorter timescales for the state change or true 
discontinuities in state is not yet clear. However, the 
fact remains that the same power spectral components 
are found before and after the transition and in particu- 
lar this is also true for power spectra on either sides of 
the so called jet-line (which marks the switching on and 
off of the radio jet). As also the association with radio 
emission of the hard VHS and hard IMS which occur at 
different fiux levels but have very similar power spectra 
is ambiguous, it is suggested that the X-ray variability is 
not originating from the outer-jet, but most likely pro- 
duced in either the disk or the corona (base of the jet). 

The suggested classification also allow us to directly 
compare the strength of the variability between black 
holes and neutron stars. We find that: 

• at frequencies below 5 Hz black holes can show 
up to 8 times more power compared to neutron 
stars, predominantly due to L;,; 

• above ~ 5 Hz black holes show up to a factor 6 
less power, by means of weaker h^Hz, and L^ 
features which can be related to the mass difference 
between the black holes and neutron stars; 

• the differences in power between neutron stars 
and black holes at high fre quencies reported by 
ISunvaev fc RevnivtsevI (|2000( ) can all be attributed 
to differences in both frequency and strength of 
these high frequency features, and do not require 
the absence of any components from black holes 
that are present in neutron stars, but note that L„ 
is suggested to be different in both type of systems; 
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• in the spectrally hard states black holes and neu- 
tron stars reach similar low frequencies, while in the 
softer states the neutron stars can reach a factor 5- 
10 higher frequencies, suggesting that the latter is 
a more reliable mass indicator; 

• a shift in frequency by about a factor 5 applied 
to the black hole power spectra with respect to 
the neutron star ones improves the match between 
the broad-band power spectral shapes. Some of 
the power spectral components that are dubbed 
the same coincide in at least some of the canon- 
ical states (LS - EIS; hard-,soft VHS, hard IMS - 
IS, LLB), which might again be a mass effect. 

The suggested identification of the power spectral com- 
ponents across all canonical black hole states serves as a 
first handle when studying the behavior of these sources 
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and when comparing them with neutron star sources. 
The fact that the same components are found across 
all states and even between different types of sources 
is highly suggestive for a common underlying physical 
mechanism and put heavy constrains on the accretion 
disc theories that try to explain the wealth of compli- 
cated behavior in both black hole and neutron star X-ray 
binaries. 
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